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Focused ion beam (FIB) milling can be used as a tool to fabricate structures with sub-micrometer details. The slab 
material can be silicon, for example, which can then be used as a mould for nano-imprint lithography, or in silicon on 
insulator (SOI) layer configuration suitable for photonic applications. In the latter, additional effort has to be taken to 
prevent high FIB induced losses, due to ion implantation and material crystal damage. Perfectly vertical sidewalls are, 
in principle, required for photonic crystal applications to guarantee low-loss propagation; sidewall angles of 5 degrees 
can already induce a 8 dB/mm propagation loss. We report on optimization of the sidewall angle (FIB) fabricated sub-
micron diameter holes. Our best case results show that sidewall angles as small as 1.5 degree are possible in Si 
membranes and 5 degree for (bulk) Si and SOI by applying larger doses and using a spiral scan method.  
Introduction 
Focused ion beam (FIB) milling is since long a mature and commonly used fabrication method [1] 
for micro and nanofabrication. Most recent advances are highlighted in the following review papers 
[2-5]. Originally, FIB processing was used for mask repair, modification of electronic integrated 
circuits, and sample preparation for transmission electron microscopy. Besides these applications, 
FIB milling can also be used to structure hard-to-etch materials like SiC or LiNbO3. FIB processing 
can be used to locally sputter etch, ion implant, and deposit metals and insulators with a feature size 
in the order of nanometers, without the need of a mask [5]. In the field of optoelectronics FIB 
processing has been applied, for example, for fabrication of micro-optical components with low 
surface roughness [6], defining the end facet mirrors for conventional semiconductor lasers [7], 
bulk micromachining of macro-porous silicon in order to fabricate 3D Yablonovite-like photonic 
crystals [9], and for fabricating 2D periodic metal nanostructures [9]. Direct milling of photonic 
structures in silicon on insulator (SOI) is still in an early state of maturity, due to the high ion-
induced losses by amorphization of the originally crystalline Si [10] and implantation of gallium 
ions within the sample [11]. However, some recent results have been achieved in lowering the 
losses by either using etch-assisting gasses [12] or heat-treatments for out-diffusion of ions [13], 
which may lead to breakthroughs on this subject. The damaged and implanted Si at the Si–air 
interface may be removed by wet chemical etching [14]. On the other hand, FIB processing is an 
ideal candidate for fabrication of moulds which can, in combination of nano-imprint technology be 
exploited for low loss photonic devices. The smoothening effect of FIB processing [15] can then be 
used for creating nanosmooth moulds and replicas. 
Perfectly vertical sidewalls are, in principle, required for photonic crystal applications to guarantee 
low-loss propagation; sidewall angles of 5 degrees in photonic crystal waveguides, can already 
induce a 8 dB/mm propagation loss [16]. However, FIB milling of submicron holes in silicon with 
perfectly vertical sidewalls is challenging due to proximity effects (ion scattering) and redeposition 
effects: sputtered Si atoms or clusters can be redeposited locally. This effect is less pronounced in 
the milling of slits (or trenches), where sidewall angles down to a few degrees have been realized at 
low currents.  
In the research presented here, we studied the milling of both isolated holes and hole arrays. The 
sidewall angles were optimized by experimentally investigating the influence of the beam scanning 
routine and applied ion dose. Our best case results show that sidewall angles as small as 1.5 degree 
are possible in Si membranes using a spiral scan method. For Si and SOI, sidewall angles as small 
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as 5 degrees in (bulk) Si and SOI  can be found [17] by applying larger doses. All experiments were 
performed on a FEI Nova 600 dual beam FIB machine with a liquid metal Ga+ ion source, using an 
acceleration voltage of 30 kV. 
Cross-section preparation 
For analyzing and quantifying the sidewall angles of sub-micrometer holes, a reproducible method 
for cross-sectioning was developed. The first step of the optimized cross-sectioning method is to 
locally deposit a layer of Pt using the FIB. Secondly, a hole is milled with a sloped angle to avoid 
long milling times. Finally, a line-by-line scan is applied at a lower current (28 pA) to establish a 
high contrast image, as depicted in Fig. 1. Since the electron-beam and the ion-beam are positioned 
at an angle of 52°, “angled” SEM images of the cross-section can be taken without rotating the 
stage. Larger viewing angles for the SEM (moving towards the surface normal) can be chosen to 
reduce the amount of milling for cross-sections of deep holes. As a consequence of the angle the 
photos are compressed in the vertical direction. Therefore, the length of the image in vertical 
direction has to be scaled by 1/sin(angle). 
Pt
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Fig. 1: Optimized cross-sectioning method used for investigation of the milled holes configurations. 
Beam scanning strategy 
The most commonly used scan method for FIB applications is the scan method following a raster 
pattern [18], which is shown in Fig. 2a. The ion beam scans from one side to the other while it mills 
for a specified dwell time at the pixel positions provided in the stream file. All pixels are 
sequentially specified by their coordinate and dwell time.  
 
 
(a)     (b) 
Fig. 2: Scanning strategies: (a) Raster scan; (b) Spiral scan. 
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Since the beam is not switched off between the holes causing nominally unmilled regions to be 
exposed directly by the beam when it passes over the region between two holes. During this 
transition a small dose of gallium is implanted, which can have a strong effect on optical absorption. 
If the beam crosses over repeatedly, at some point also interhole milling occurs.   
A better scan-routine alternative is spiral scanning for milling a single or multihole geometry. A 
schematic drawing of the spiral scan is shown in Fig. 2b. Another drawback of the ion beam 
following the raster pattern is that the beam always moves in a predefined direction while milling 
(from right to left as illustrated by Fig. 2a). This leads to asymmetrically shaped holes, as 
demonstrated in Fig. 3a, while the shape produced by the spiral scan (Fig. 3b) is much more 
symmetric. The third benefit of the spiral scanning pattern is the improvement found in the sidewall 
angle steepness. Because the beam moves from the centre of the hole outwards, redeposition at the 
hole boundary is milled away in the process. The average deviation from verticality of the left and 
right sidewall, measured halfway the depth of the hole was 19° for raster scan and 13° for the spiral 
scan in bulk silicon, with the milling parameters specified in the caption of Fig. 3.    
  
(a) (b) 
Fig. 3: SEM images, comparing 250 nm diameter holes in a triangular lattice with 440 nm pitch, milled 
into bulk silicon using different scanning strategies. (a) Raster scan; (b) Spiral scan. The insets show cross-
sections.Both patterns have been milled using approximately the same dose of 70 pC per hole, with 48 pA 
ion beam current (e–1 spot diameter ~18 nm), 0.1 ms dwell time per pixel, and repeating the pattern in 12 
loops. Both the overview images and the cross-sections were taken at 52° from the surface normal. 
 
Fig. 4: Holes milled into a 220 nm thick silicon membrane using a spiral scan, 48 pA ion beam current, 0.1 
ms dwell time, and 20 loops. The membrane was suspended over a bulk silicon substrate, in which holes can 
be seen below the membrane, that are due to intentional over-milling the holes in the membrane. The SEM 
image was taken at 30° from the surface normal. The deviation from verticality of the sidewalls is <1.5°. 
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Figure 4 shows milling results for a 220 nm thick silicon membrane. The milled material can escape 
both towards the bottom and to the top of the holes, reducing redeposition. In combination with 
applying an “over-dose” of about 115 pC per hole, a sidewall angle deviation smaller than 1.5° can 
be obtained. 
Conclusions 
We have investigated two ion beam scanning routines: scanning in a raster and spiral pattern. For 
benchmarking spiral against raster scanning, we used an optimized cross-sectioning technique and 
analyzed the average side wall angles of the holes. The results show that the quality of submicron 
holes milled using focused ion beam milling, can be improved by choosing spiral scanning.  
In particular, the symmetry and the steepness of the sidewalls were improved due to better control 
over the redeposition. Almost perfect vertical sidewalls can be obtained by FIB-milling of holes in 
Si membranes, since the otherwise redeposited milled material can more easily escape from the hole. 
With some over-milling, the deviation from verticality of the sidewalls of holes in a silicon 
membrane could be reduced to less than 1.5°. 
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